The photonic spin Hall effect (SHE), featured by a spin-dependent transverse shift of an impinging optical beam driven by its polarization handedness, has many applications including precise metrology and spin-based nanophotonic devices. It is highly desirable to control and enhance the photonic SHE. However, such a goal remains elusive, due to the weak spin-orbit interaction of light, especially for systems with optical loss. Here we reveal a flexible way to modulate the photonic SHE via exceptional points, by exploiting the transverse shift in a parity-time (PT) symmetric system with balanced gain and loss. The underlying physics is associated with the near-zero value and abrupt phase jump of the reflection coefficients at exceptional points. We find that the transverse shift is zero at exceptional points, but it is largely enhanced in their vicinity. In addition, the transverse shift switches its sign across the exceptional point, resulting from spontaneous PTsymmetry breaking. Due to the sensitivity of transverse shift at exceptional points, our work also indicates that the photonic SHE can enable a precise way to probe the location of exceptional point in photonic systems.
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The photonic spin Hall effect (SHE), in analogy to SHE in electronic systems [1] , is caused by the spinorbit interaction of light at the interface, which is associated with the geometric Berry phase and originates from the transverse nature of light [2] [3] [4] [5] [6] [7] . As schematically illustrated in Fig. 1(a) , for an incident Gaussian beam, its different plane-wave components acquire different polarization rotations in the transverse direction upon reflection. The spatial-dependent polarization rotation directly leads to the spin splitting of the reflected beam in the transverse direction, featured by a spin-dependent transverse shif [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , where the spin state of photons corresponds to left-handed or right-handed circular polarizations (LCP or RCP). In other words, the photonic SHE introduces additional spin degrees of freedom for the flexible manipulation of light. As such, the photonic SHE shows promising applications in various realms, including optical sensing [18, 19] , spin-based nanophotonic devices [20] , precise metrology [21, 22] , quantum information processing and plasmonics [6, 23] . To enable and further extend these applications, a giant photonic SHE is desirable. However, the photonic SHE is generally weak, and its featured transverse shift is in the nanometer scale, due to weak spin-orbit interaction [4, 24] . Therefore, controlling (e.g., enhancing) the photonic SHE in a flexible way remains an open challenge, highly desirable for its importance in modern photonics.
Several recent proposals to enhance the photonic SHE have been put forward, based on the Brewster effect [12, 25] , anisotropic and inhomogeneous metamaterials [20, 26, 27] , and surface plasmon resonance phenomena [28, 29] . These methods, however, are limited to transparent systems or systems with minimal material loss. Loss, however, is ubiquitous and oftentimes can be very large in optical systems, becoming largely detrimental to the enhancement of photonic SHE; a typical example of the effect of loss on the photonic SHE is shown in Figs. 1(c) and S2. Open questions are how to mitigate the influence of material loss on the photonic SHE and how to flexibly control it in systems with loss, especially for light with arbitrary polarization and incident angle.
Here we address these issues by introducing a viable scheme to flexibly control the photonic SHE in an optical system with loss, through the judicious incorporation and parametric modulation of exceptional points [30] [31] [32] [33] [34] . The exceptional point is a singularity in non-Hermitian systems, such as parity-time (PT) symmetric systems, in which at least two resonances coalesce in both eigenvalues and eigenfunction [35] [36] [37] [38] [39] . Although exceptional points have recently ignited tremendous interest [40] [41] [42] [43] [44] [45] [46] , its connection with the photonic SHE has never been explored. We rely on the emerging new physics at the intersection of these two interesting yet distinct physical concepts. We find that the transverse shift 3 stemming from the photonic SHE is zero at the exceptional points, but can be dramatically enhanced in the vicinity of exceptional points. Because of the spontaneous PT-symmetry breaking across the exceptional point, the giant transverse shifts have opposite signs at the two sides of exceptional points.
Such a giant photonic SHE near the exceptional point can be flexibly designed to work with incident light of arbitrary polarization and incident angle, while this is hard to achieve in systems without exceptional points. Our work suggests that the PT-symmetric systems can be a promising and versatile platform to control the photonic SHE. Remarkably, due to the sensitivity of transverse shift at exceptional points, one can also precisely probe the location of exceptional points through the measurement of photonic SHE. Conversely, the photonic SHE can be an indispensable tool to study the exotic physics near/at the exceptional point in various photonic systems.
For the clarity of conceptual demonstration, here we consider the photonic SHE in a typical PTsymmetric structure, namely a bilayer structure with balanced loss and gain distribution as shown in Fig.   1(b) . Each slab has a thickness of = /5, where is the wavelength in free space. Due to the scalability of Maxwell equations, the revealed phenomena below are applicable for an arbitrary value of . The slab with loss (gain) has a refractive index of ()** = + + . ( /012 = + − . ), where + = 3 is chosen.
Then /012 = ()** * , which fulfills the PT-symmetry condition [34, 38] .
Due to the importance of exceptional points in the manipulation of photonics SHE, we briefly introduce the exceptional points in the studied structure in Fig. 1 . For the two-port PT-symmetric structure in Fig. 1(b) , the scattering matrix is = [ We now proceed to calculate the photonic SHE near/at the exceptional points. We consider an vector. For the reflected (transmitted) waves, the spin-dependent transverse shift is dependent on the reflection (transmission) coefficients [12, 21] . Due to reciprocity and structural asymmetry of the PTsymmetric system, if the incident angle is fixed, the transverse shift for reflected waves (transmitted waves) is sensitive to (independent of) the propagation direction of the incident beam. Therefore, we focus our discussion of photonic SHE on the reflected wave, since it provides an additional degree of freedom to control the photonic SHE compared with the transmitted wave.
For the analysis of spin-dependent transverse shifts, the reflected fields for LCP or RCP waves needs to be computed, so that their barycenter or centroid can be obtained. To be specific, a three- From the quantitative analysis of photonic SHE, the transverse shift is closely associated with the reflection coefficients [7, 12] . Figure 3 shows the magnitude and phase of the reflection coefficients,
i.e., :; H , :; I , <; H , and <; I . We find these exotic phenomena of photonic SHE near/at the exceptional points are caused by the near-zero value of the magnitude of reflection coefficients near the exceptional 6 point in Fig. 3(a-d) and their abrupt phase change at the exceptional point in Fig. 3 (e-h). Detailed explanation is given below.
Let us start with a p-polarized incident beam. The transverse shift is found to be proportional to Fig. 3(a,b) , the transverse shift is exactly zero at the exceptional point in Fig. 2(a,c) Fig. 3(c,d,g,h) , an analysis similar to the above one can also explain the exotic photonic SHE for the s-polarized incident beam in Fig. 2 . Besides, the transverse shift near the exceptional points in Fig. 2 is not always large for arbitrary incident angles. The reason is that the transverse shift is also dependent on other terms, such as We note that the exceptional point or the PT symmetry breaking can also appear in entirely passive optical systems. The reason is that the bilayer optical system in Fig. 1(b) with an arbitrary loss and gain profile can be mathematically transformed into a PT-symmetric one [40, 51] . However, for passive optical systems, the reflection coefficients cannot be exactly zero at the exceptional points. Then it is reasonable to argue that the value of I / H or H / I at the exceptional points of passive optical systems will be much smaller than that at the exceptional points of PT-symmetric systems with balanced gain and loss distribution studied here. This way, according to the analysis of Fig. 3 , a PT-symmetric system with balanced gain and loss distribution is needed to achieve a giant photonic SHE.
It is crucial to point out that the underlying physics for the flexible control of photonic SHE via exceptional point is not related to the Brewster effect. The explanation can be justified in two aspects.
First, strictly speaking, the Brewster effect exists only at a specific interface, where the reflection 7 coefficient at the Brewster angle is zero. Coincidentally, the zero-value reflection coefficients appear at the exceptional points in Fig. 3 . However, they do not originate from the Brewster effect at a specific interface and indeed result from the interference effect in a two-layer slab. Second, for nonmagnetic systems, the Brewster effect has zero-value reflection coefficient only for p-polarized waves [52] . In contrast, in addition to the p-polarized waves, our designed non-magnetic PT-symmetric structure also has the zero-value reflection coefficient for the s-polarized waves at the exceptional points. As a result, in nonmagnetic systems, it is only possible to use the Brewster effect to enhance the photonic SHE for the p-polarized incident waves. As an advantage, our revealed mechanism can be applicable for both ppolarized and s-polarized incident waves.
To further the understanding of the exotic photonic SHE near/at exceptional points, Fig. 4(h) , the term related to d_ I cot P becomes dominant. Then the reflected beam has a symmetric double-peak profile along the direction in Fig. 4(d) and becomes an
Hermitian-Gaussian beam with TEM 01 mode profile. The reflected Hermitian-Gaussian beam with TEM 10 or TEM 01 mode profile revealed here has also been reported in systems without exceptional points [53] . Ref. [53] realizes it by tuning the waist of the incident Gaussian beam, where its incident angle is 8 near the Brewster angle. As a distinctly different scheme, such a goal is achieved by merely letting the PT symmetric structure work at different exceptional points in Fig. 4(c,d) .
Last but not least, there is an alternative definition of the scattering matrix for the two-port PTsymmetric structure in Fig. 1(b ] [47]- [48] . Although both definitions of the scattering matrix are widely used, "because the permutation operation does not preserve the eigenvalues, these two different definitions of the S (i.e., scattering) matrix lead to different criteria for the symmetric and brokensymmetry phases, as well as for the phase boundary (exceptional points)", as highlighted in Ref. [50] .
Our results show that giant photonic SHE mainly happens near/at the exceptional point of the scattering matrix , instead of the scattering matrix ′.
Discussion
In summary, we have revealed that the design of exceptional points in PT-symmetric systems can be a viable scheme to enhance and manipulate the photonic SHE. This scheme may mitigate the detrimental influence of material loss on the photonic SHE and may enable other promising applications, such as the design of novel optical sensors based on exceptional points and photonic SHE. In addition to the flexible control of photonic SHE studied here, we note that there are other promising applications and intriguing phenomena near/at exceptional points, such as the unidirectional invisibility [48] , enhanced spontaneous emission rate [35] and sensing [45, 46] , and anomalous lasing [42, 43] .
Remarkably, these intriguing phenomena may have distinct features for different types of exceptional points. In addition to the second-order exceptional point studied here, other types of exceptional points have also been reported, including paired exceptional points [36] , ring or line of exceptional points [54] , exceptional surfaces [55] , and high-order exceptional points [35, 42, 56, 57] . Hence, our work may trigger other intriguing questions for photonic SHE, including the possibility to further enhance the photonic SHE via high-order exceptional points, and some new features of photonic SHE from PT-symmetric inhomogeneous and anisotropic metasurface where the geometric Pancharatnam-Berry phase [7] is involved (in our work, only the geometric Rytov-Vladimirskii-Berry phase is involved). This way, it is still highly desirable to continue the exploration of photonic SHE in other exotic systems with exceptional points or PT symmetry.
